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The present invention relates to a rotor for steam turbine to be used in power generation facilities. 
Conventionally, it has been necessary that members to be used at high temperatures and under high pres- 
sures in thermal power generation facilities are those whose material characteristics are excellent as the whole, 
insusceptible to too much changes of these material characteristics even after they are exposed to high tem- 
5 peratures for many hours. As these members intended for use at high temperatures and under high pressures, 
heat resistant high-Cr ferrite based steels containing 8 to 12 % of Cr have been used, so far. Steels of this kind 
are available at comparatively inexpensive prices, can easily be manufactured and have high values of physical 
properties. Thus, they have found their application in wide industrial segments, doing much to the improvement 
of the performance and reliability of facilities operating at high temperatures and under high pressures. 
70 Conventionally, it has been the most important object to make compatible the high-temperature strength 

and the toughness which are incompatible each other, when high-Cr ferrite based steels are in development 
stages. One of the causes for the decline of toughness is that precipitates are deposited in crystal grain boun- 
daries. Accordingly, whereas it has been attempted to prevent this precipitation, fine precipitates have been 
caused to separate out uniformly in the inside of crystal grains from solid solutions having a high concentration 
15 of parent phase, to obtain the high-temperature strength. 

Conventional heat resistant high-Cr ferrite based steels have a problem, however. When the high-Cr ferrite 
based steels undergo creeps under stress at temperatures almost as high as 600°C for a long term, their metal 
structure is markedly changed. A greater part of inevitable precipitates concentrates upon the crystal grain 
boundaries or rhartensite lath boundaries, while the density of precipitates is lowered in the inside of the mar- 
20 tensite lath, together with the recovering of structure and the growth of subgrains. Thus, material characteristics 
of the steels such as impact resistance are lowered by far, in response to the changes of the struct ure described 
as above. Therefore, reliability of a thermal power plant may be poor if it comprises a large size member, a 
rotor for steam turbine made of conventional heat resistant high-Cr ferrite based steels and is operated in an 
atmosphere of steam at 600°C or higher. On the other hand, there have been demands for the improvement 
25 of thermal efficiency of thermal power. plants from the viewpoint of preserving global environment, and it is 
apparent that thermal power plants of high temperature and high pressure type, capable of using steam at 
600°C or higher, are necessary. 

The present invention has been accomplished in an attempt to find a solution in these problems. Accord- 
ingly, an object of the present invention is to provide a rotor for steam turbine best suited as a member in a 
30 steam turbine to be operated at high temperatures, having an excellent high-temperature strength and capable 
of keeping that high-temperature strength unchanged for a long term. 

The rotor for steam turbine of the present invention is made of a heat resistant steel having a composition, 
which contains in terms of percentage by weight 0.05 to 0.30 % of C, 8.0 to 1 3.0 % of Cr, 1 .0 % or less (excluding 
0 %) of Si, 1.0 % or less (excluding 0 %) of Mn, 2.0 % or less (excluding 0 %) of Ni, 0.10 to 0.50 % of V, 0.50 
35 to 5.0 % of W, 0.025 to 0.10 % of N ( 1.5 % or less (excluding 0 %) of Mo, 0.03 to 0.50 % of Ta and/or 0.03 to 
0.25 % of Nb, 0 to 5 % of Re t 0 to 5.0 % of Co, 0 to 0.05 % of B and the balance of Fe and inevitable impurities, 
and having a martensite structure. 

More particularly, the first version of the rotor for steam turbine of the present invention is made of a heat 
resistant steel having a composition, which contains in terms of percentage by weight 0.05 to 0:30 % of C. 8.0 
40 to 13.0% of Cr, 1.0% or less (excluding 0 %)of Si, 1.0% or less (excluding 0 %) of Mn, 2.0 % or less (excluding 
0 %) of Ni, 0.10 to 0.50 % of V, 0.03 to 0.50 % of Ta, 0.50 to 5.0 % of W, 0.025 to 0.10 % of N, 1 .5 % or less 
(excluding 0 %) of Mo and the balance of Fe and inevitable impurities, and having a martensite structure. 

The second version of the rotor for steam turbine of the present invention is made of a heat resistant steel 
having a composition, which contains in terms of percentage by weight 0.05 to 0.30 % of C, 8.0 to 13.0 % of 
45 Cr, 1.0 % or less (excluding 0 %) of Si, 1.0 % or less (excluding 0 %) of Mn, 2.0 % or less (excluding 0 %) of 
Ni, 0.10 to 0.50 % of V, 0.03 to 0.50 % of Ta, 0.50 to 5.0 % of W, 0.025 to 0.10 % of N, 1.5 % or less (excluding 
0 %) of Mo, 3.0 % or less (excluding 0 %) of Re and the balance of Fe and inevitable impurities, and having a 
martensite structure. 

The third version of the rotor for steam turbine of the present invention is made of a heat resistant steel 
50 having a composition, which contains in terms of percentage by weight 0.05 to 0.30 % of C, 8.0 to 13.0 % of 
Cr, 1.0 % or less (excluding 0 %) of Si, 1.0 % or less (excluding 0 %) of Mn, 2.0 % or less (excluding 0 %) of 
Ni, 0.10 to 0.50 % of V, 0.03 to 0.25 % of Nb, 0.50 to 5.0 % of W, 0.025 to 0.10 % of N, 1.5 % or less (excluding 
0 %) of Mo, 3.0 % or less (excluding 0 %) of Re and the balance of Fe and inevitable impurities, and having a 
martensite structure. 

55 The fourth version of the rotor for steam turbine of the present invention is made of a heat resistant steel 

having a composition, which contains in terms of percentage by weight 0.05 to 0.30 % of C, 8.0 to 13.0 % of 
Cr, 1.0 % or less (excluding 0 %) of Si, 1.0 % or less (excluding 0 %) of Mn, 2.0 % or less (excluding 0 %) of 
Ni, 0.10 to 0.50 % of V, 0.03 to 0.50 % of Ta. 0.03 to 0.25 % of Nb. 0.50 to 5.0 % of W, 0.025 to 0.1 0 % of N, 
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1.5 % or less (excluding 0 %) of Mo and the balance of Fe and inevitable impurities, and having a martensite 
structure. 

The fifth version of the rotor for steam turbine of the present invention is made of a heat resistant steel 
having a composition, which contains in terms of percentage by weight 0.05 to 0.30 % of C, 8.0 to 13.0 % of 
5 Cr. 1.0 % or less (excluding 0 %) of Si, 1.0 % or less (excluding 0 %) of Mn, 2.0 % or less (excluding 0 %) of 
Ni, 0.10 to 0.50 % of V. 0.03 to 0.50 % of Ta, 0.03 to 0.25 % of Nb, 0.50 to 5.0 % of W ? 0.025 to 0.10 % of N, 
1.5 % or less (excluding 0 %) of Mo, 3.0 % or less (excluding 0 %) of Re and the balance of Fe and inevitable 
impurities, and having a martensite structure. 

The rotors of the first to fifth versions of the present invention are characterized in that the heat resistant 
10 steels futher contain 0.001 to 5.0 % by weight of Co and/or 0.0005 to 0.05 % by weight of B. 

The rotors for steam turbine of the present invention are characterized in that they are respectively made 
of the heat resistance steels having a martensite structure wherein crystal grain diameters are uniformly dis- 
tributed as the result of the heat treatment of said heat resistant steels at a quenching temperature of 1 050 to 
1150°C. Furthermore, they are characterized in that said heat treatment at the quenching temperature of 1050 
15 to 1150°C is followed by treatments. at a temperature of 620 to 760°C an additional heat. 

The rotors for steam turbine of the present invention are characterized in that they are made of the heat 
resistantsteels wherein precipitates are deposited in an total amount of 2.5 to 7.0 % by weight in the crystal 
grain boundaries and martensite lath boundaries and in the inside of martensite lath because of said heat treat- 
ments. 

20 Furthermore, they are characterized in that austenite crystals have a grain diameter of 50 to 100 urn after 

the heat treatment at the quenching temperatures. 

The rotors for steam turbine of the present invention are characterized in that they are made from heat 
resistant steel ingots to be obtained by an electroslag remelting method. u@ The rotors for steam turbine of 
the present invention comprise the high-Cr ferrite steels having a specific composition and previously contain- 

25 ing a predetermined amount of the precipitates in the inside of martensite lath as well as those in the crystal 
grain boundaries or martensite lath boundaries conventionally regarded as start points for the decline of prop- 
erties. In this way, the precipitates are used profitably to provide a heat resistant steel having a uniform metal 
structure with the advantages that the high-temperature creep rupture strength and creep resistance are im- 
proved and that the structure can remain stable after it is exposed to high temperatures for a long term. The 

30 rotors for steam turbine of the present invention have been completed on the basis of this finding. 

Fig. 2 is a microscopic photograph showing an example of the metal structure of the heat resistant steel 
of the invention. As seen in Fig. 2, the heat resistant steel is composed of martensite crystal grains having a 
diameter of 50 to 100 jam. 

Furthermore, they have been completed on the basis of another f inding that these precipitates can easily 

35 be deposited due to the specific heat treatments. 

Next, the reasons for limiting the range of compositions will be described below, with respect to the heat 
resistant steels to form the rotors for steam turbine of the present invention. As used in the descriptions below, 
the word "%" means "% by weight" unless otherwise stated expressly. 

C is combined with the Cr, Nb and V, etc., to form carbides. The so formed carbides are deposited in the 

40 crystal grain boundaries and martensite lath boundaries or in the inside of martensite lath, contributing to the 
promotion of precipitation hardenning, C also is an element indispensable to improve quenching characteristics 
and inhibit the formation of 6 ferrite. It is necessary to incorporate 0.05 % or more of C, to obtain the desired 
creep rupture strength. If more than 0.30 % of C is incorporated, however, the grains of carbides grow larger 
quickly, and it has been decided that the the heat resistant steels of the present invention should have a C 

45 content of 0.05 to 0.30 %. The C content of 0.08 to 0.20 % is more preferable. 

Cr is an element indispensable to form M 2 3C 6 type precipitates, which contribute to solid solution harden- 
ing, precipitation-dispersion strengthening and grain boundary precipitation hardening simultaneously with the 
improvements of oxidation resistance and corrosion resistance. These effects cannot be obtained if less than 
8 % of Cr is incorporated. If more than 1 3 % of this element is incorporated, 8 ferrites are formed and the heat 

so resistance steels may not be quenched or normalized from the austenite region, depending upon the balance 
between Cr and the remaining components. Thus, it has been decided that the heat resistant steels of the pres- 
ent invention should have a Cr content of 8.0 to 13.0 %. The Cr content of 8.5 to 11 .5 % is more preferable. 

V contributes to the solid solution hardening and the formation of fine vanadium carbide and/or nitride 
grains. In heat resistance steels wherein more than approximately 0.30 % of V is incorporated, the fine grains 

55 of these precipitates are deposited, chiefly on the martensite lath boundaries during creeping, to inhibit the 
recovering and improve creep resistance. On the other hand, if more than 0.5 % of this element is incorporated, 
the deposition of 5 ferrite is markedly increased, and if less than 0^1 0 % of Vis incorporated, both solid solutions 
and precipitates are provided in too small amounts to obtain the desired effects as described above. Thus, it 
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has been decided that the the heat resistant steels of the present invention should have a V content of 0.10 
to 0.50 %. The V content of 0.15 to 0.35 % is more preferable. 

W contributes to the solid solution hardening and the formation of intermetallic compounds essentially con- 
sisting of Fe, Cr and W, which are the most important in the heat resistant steels of the present invention. It is 
necessary to incorporate more than 0.5 % of W. to deposit a greater part of intermetallic compounds in the 
crystal grain boundaries and martensite lath boundaries by means of appropriate heat treatments. If more than 
5.0 % of this element is incorporated, the toughness and heat-embrittlement thereof are reduced markedly and 
it has been decided that the heat resistant steels of the present invention should have a W content of 0.50 to 
5.0 %. The W content of 1.0 to 3.0 % is more preferable. 

Ta is an element useful for solid solution hardening and is combined with the C and N to form the f ine grains 
of Ta carbide and/or nitride Ta (C f N) for contributing to the precipitation-dispersion strengthening. The depos- 
ition of fine Ta (C, N) grains is very effective in improving the creep rupture strength under high stress for a 
short term, but if less than 0.03 % of the Ta is incorporated, the density of precipitates are too poor to obtain 
the effects described as above. On the other hand, if more than 0.50 % of Ta is incorporated, the volume frac- 
tion rises quickly relative to coarse Ta (C, N) grains not contained in solid solutions and the aggregation of fine 
Ta (C, N) grains wherein they are changed into coarse grains is accelerated. Thus, it has been decided that 
the heat resistant steels of the present invention should have a Ta content of 0.03 to 0.50 %. The Ta content 
of 0.04 to 0.30 % is more preferable. 

R e i S effective in a trace amount in providing solid solution hardening and imrjroving the toughness of heat 
resistance steels. If this element is incorporated in excessive amounts, the heat resistant steels of the present 
invention have poor processability and their economical efficiency is markedly spoiled, and it has been decid d 
that the heat resistant steels of the present invention should have a Re content of 3 % or less. The Re content 
of 2.0 % or less is more preferable. 

N contributes to the precipitation hardening by forming nitrides or carbide-nitrides. Furthermore, N left in 
the parent phase can contribute to the solid solution hardening. However, if less than 0.025 % of the N is in- 
corporated, these effects are not exhibited practically, and if more than 0.10 % of the N is incorporated th 
nitrides or carbide-nitride are changed into coarse grains predominantly, with the result that creep resistance 
and manufacturing performance are lowered, and it has been decided that the heat resistant steels of the pres- 
ent invention should have a N content of 0.025 to 0.10 %. The N content of 0.03 to 0.07 % is more pref rable. 

Nb is combined with the C and N, to form the fine grains of Nb (C, N) carbide-nitride, contributing to the 
precipitation hardening. The Nb (C, N) is very effective in improving the creep rupture strength under high 
stress for a short term. However, if less than 0.03 % of the Nb is incorporated, the density of precipitates is 
too low to obtain the effects described as above, and if more than 0.25 % of Nb is incorporated, the volume 
fraction rises quickly relative to coarse Nb{C, N) grains not contained in solid solutions, while the aggregation 
of f ine Nb(C, N) grains wherein they are changed into coarse grains is accelerated. Thus, it has been decided 
that the heat resistant steels of the present invention should have a Nb content of 0.03 to 0.25 %. The Nb content 
of 0.05 to 0.20 % is more preferable. 

Si is an indispensable element as a deoxidizing agent, and if Si is incorporated in an amount up to approx- 
imately 1 %, creep resistance is improved slightly. If the Si is incorporated in excessive amounts, creep resis- 
tance is lowered, and further Si can be dispensed with if the heat resistant steels are deoxidized in the presence 
of carbon under vacuum (hereinafter referred to as "vacuum carbon deoxidation method"). Thus, it has be n 
decided that the heat resistant steels of the present invention should have a Si content of 1.0 % or less. The 
Si content of 0.3 % or less is more preferable. 

Mn is an important element as a desulfurizing agent and a deoxidizing agent, helpful in improving the 
toughness of heat resistant steels. However, if Mn is incorporated too much, creep resistance is lowered, and 
thus it has been decided that the heat resistant steels of the present invention should have a Mn content of 
1 .0 % or less. The Mn content of 0.7 % or less is more preferable. 

Ni is helpful in improving quenching properties and the toughness of heat resistant steels and inhibiting 
the deposition of 6 ferrites. However, if more than 2 % of Ni is incorporated, creep resistance is markedly low- 
ered, and thus it has been decided that the heat resistant steels of the present invention should have a Ni con- 
tent of 2.0 % or less. The Ni content of 0.8 % or less is more preferable. 

Mo is useful as an element to contribute to the solid solution hardening and to form carbides and is incor- 
porated into the heat resistant steels. However, if Mo is incorporated too much, 5 ferrites are formed to lower 
the toughness markedly and to give rise to the deposition of intermetallic compounds chiefly comprising Fe, 
Cr and Mo and having low stability against the exposure to high temperatures for a long term. Thus, it has been 
decided that the heat resistant steels of the present invention should have a Mo content of 1.5 % or less. The 
Mo content of 1.0 % or less is more preferable. 

Co is helpful in providing solid solution hardening, useful in inhibiting the deposition of 5 ferrite and should 
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be incorporated in the heat resistant steels of the present invention. If less than 0.001 % of the Co is incorpo- 
rated, these effects cannot practically be obtained. If more than 5 % of Co is incorporated, creep resistance 
is lowered and economical efficiency of these heat resistant steels is spoiled. Thus, it has been decided that 
the heat resistant steels of the present invention should have a Co content of 0.001 to 5.0 %. 

5 B is helpful in a trace amount in promoting the deposition of precipitates in the crystal grain boundaries 

and enabling the carbide and/or nitride to remain stable after they are exposed to high temperatures for a long 
term. This element is markedly effective for the precipitates of M 23 C 6 type which are liable to deposit in the 
crystal grain boundaries and their neighborhood. If less than 0.0005 % of B is incorporated, these effects are 
poor. If more than 0.05 % of B is incorporated, processability is spoiled and creep resistance is lowered in the 

w heat resistant steels. Thus, it has been decided that the heat resistant steels of the present invention should 
have a B content of 0.0005 to 0.05 %. 

It is desirable to eliminate to the greatest possible extent impurities which are inevitably contained in the 
heat resistant steels of the present invention as incidental to these components and Fe, the chief component, 
when they are in incorporated. As used herein, the words inevitable impurities mean elements such as P, S, 

15 Sb, As, Sn and the like. 

Next, a quenching heat treatment temperature will be described below. 

Ta and Nb (at least one element selected from the group consisting of Ta and Nb) are selectively incorpo- 
rated into the heat resistant steels of the present invention. These elements form precipitates with C and N, 
wherein if the steels are quenched at temperatures lower than 1050°C, coarse grains of carbide and/or nitride 

20 deposited upon the solidification of steels continue in existence even after the heat treatments, inhibiting the 
creep rupture strength from increasing to perfection. In order to solid-solute these coarse grains of carbide 
and/or nitride and precipitate in high density as fine grains, it is necessary to quench them from an austenitizing 
temperature of 1050°C or higher where austenitizing is advanced. On the other hand, temperatures of higher 
than 1150°C are within a temperature region for the heat resistant steels of the present invention to deposit 5 

25 ferrites. Thus, coarse crystal grains having greater diameters are predominantly produced, with the result that 
the toughness of steels is lowered. Thus, the quenching temperatures in a range of 1050 to 1150°C are pr - 
ferable. 

Next, a tempering temperature will be described below. 

The heat resistant steels of the present invention are characterized in that they are subjected to the heat 

30 treatment at tempering temperatures in a range of 620 to 760°C. When they are treated at the tempering tem- 
peratures, the intermetallic compounds of comprising Fe, Cr and W and the precipitates chiefly comprising Cr 
and Care deposited in the crystal grain boundaries and in the martensite lath boundaries, while the precipitates 
chiefly comprising Ta, C and N and/or those chiefly comprising Nb, C and N are deposited in the inside of mar- 
tensite lath. If the tempering temperatures are lower than 620°C, the intermetallic compounds chiefly compris- 

35 ing Fe, Cr and W are deposited in the inside of martensite lath in a great amount. Accordingly, the crystal grain 
boundaries and martensite lath boundaries have a relatively low volumetric fraction of the precipitates which 
are expected to uphold the creep rupture strength against the exposure to high temperatures for a long term. 
On the other hand, if the tempering temperatures are higher than 760°C, the precipitates chiefly comprising 
Ta, C and N and/or those chiefly comprising Nb, C and N are deposited in low density in the inside of martensite 

40 lath, and tempering become in excess. Furthermore, these temperatures are very close to a transformation 
point wherein austenite crystals start forming. Thus, the tempering temperatures in a range of 620 to 670°C 
are preferable. Furthermore, it is acceptable to provide another tempering heat treatment prior to the tempering 
heat treatment at 620 to 670°C if necessary. 

The heat treatments described as above are provided to regulate that the precipitates are deposited in a 

45 total amount of 2.5 to 7.0 % by weight in the crystal grain boundaries and martensite lath boundaries and in 
the inside of martensite lath, to improve the high-temperature creep rupture strength and creep resistance and 
minimize the decline of properties after the heat resistant steels are exposed to high temperatures for a long 
term. The precipitates in a total amount of 3.0 to 6.0 % by weight are more preferable. 
The total amount of precipitates is determined in this way. 

so A test sample is placed in a mixed liquid of hydrochloric acid and perchloric acid, and its parent phase is dis- 
solved by the ultrasonic dissolution method and filtered. The resultant residue is washed and determined and 
the results of determination are expressed in terms of % by weight. 

Next, a crystal grain diameter of the heat resistant steels of the present invention will be described below. 
Conventionally, coarse crystal grains having a great diameter have been inhibited in high-Cr ferrite based 

55 steels, in order to keep the toughness high and improve the fatigue strength. In the heat resistant steels of the 
present invention wherein grain boundary-precipitation hardening is used profitably, their creep resistance can 
be improved to a great extent by adjusting crystal grain diameters to 50 to 100 [im. The crystal grai: » having 
diameters adjusted to such a greater size can reduce the area of crystal grain diameters wherein the defor- 

5 
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mation occurs preferentially at high temperatures. In this way, the precipitates having a specific volume fraction 
for a material can be deposited in high density in the grain boundaries, to inhibit the deformation efficiently in 
the neighborhood of the grain boundaries, as compared with the same material with the crystal grains adjusted 
to small diameters. If the crystal grains have a diameter of less than 50 um, the heat resistant steels have low 
5 values of the creep rupture strength, and if more than 100 (im their toughness is lowered to a great extent. 
Thus, the crystal grain diameters are preferably in a range of 50 to 100 ».im. 

Next, a method for melting will be described below, with respect to the heat resistant steels of the present 
invention. 

Heat resistant steel ingots of the present invention are characterized in that they are manufactured by the 
w use of an electroslag remelting method. Large size parts such as rotor for steam turbine are susceptible to 
the segregation of incorporated elements or the unevenness of solidified structures upon the solidification of 
melts. The heat resistant steel ingots of the present invention may as well be manufactured by ordinary man- 
ufacturing methods including the vacuum carbon deoxidizing method. These ordinary methods have a defect 
that, when these large size parts are founded, they are strongly inclined to have a segregation of elements in 
15 their center portion as these elements are incorporated one after another for the purpose of obtaining higher 
strengths. Thus it is preferable to use the electroslag remelting method to provide the heat resistant steels of 
the present invention. 

Fig. 1 is a diagram illustrative of the relationship between the creep rupture time and the average crystal 
grain diameter of the heat resistance steel of the present invention. 
20 Fig. 2 is a microscopic photograph which shows a metal structure of the heat resistant still of the present 

invention. 

The present invention will be described below with reference to the embodiments. 
Embodiment 1: 

25 

Examples 1 to 10 

Table 1 shows the chemical compositions of 14 kinds of heat resistant steel used as the test sample, and 
of them test samples No. 1 to 10 were made of the steels in the range of chemical compositions of the heat 
30 resistant steels of the present invention. These heat resistant steels were molten and cast in a vacuum high 
frequency induction furnace having an internal volume of 50 kg, followed by the appropriate rolling. The so 
rolled steels were quenched under the condition of oil-cooling them after the heating at 1120°C x 10 hours. 
Thereafter, they were subjected to the heat treatments under the tempering conditions of air-cooling them after 
the heating at 570°C x 10 hours and then air-cooing them after the heating at 690°C x 10 hours. 

35 

Comparative Examples 11 to 14 

The test samples No. 11 to 14 were outside the range of chemical compositions governing the heat resis- 
tant steels of the present invention. The test sample No. 11 was made of a steel disclosed in the Japanese 

40 Patent Publication No. 54385 / 1985: and the test sample No. 12 the Japanese Patent Publication No, 
47488 / 1973. Both steels had been used as the rotor material for steam turbine under high and medium pres- 
sure. The test sample No. 13 was made of a steel having a Cr content lower than the range of chemical com- 
positions of the present invention, and this steel had found its application as the rotor material for multi-purpose 
steam turbine to be operated under high and medium pressure. The test sample No. 14 was made of a steel 

45 having a content of various elements whose compositions are outside the range of the present invention. These 
test samples were prepared by treating the steel materials in the same way as in Examples 1 to 10. 
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A creep rupture test with 14 kinds of steel material described as above was conducted respectively under 5 
conditions. On the basis of the results obtained from the test, the creep rupture strength at 580°C - 10 5 hours 
was determined by the use of the Larson-Miller parameter according to the interpolation method. 

Furthermore, after a tempering heat treatment and a heat age hardening at 600°C for 3000 hours were 
performed, notched test pieces for Charpy impact test according to JIS No. 4 having a thickness of 2 mm and 
V notch were prepared from the so age hardening steel materials, and a Charpy impact test with these test 
pieces was conducted, and the results thereof are shown in Table 2. 



Table 2 



^^si Properties 


580°C-10 3 h Creep 


Impact Value 


kgf -m/cm 2 


Test 
Samples 




Rupture Strengh 
(kgf /mm 2 ) 


Af t . Annealing 
heat treatment 


Aft. Ageing at 
600°C x 3000h 




1 


23.0 


1 .9 


1.6 




2 


23.0 


1.7 


1.6 




. 3 


23.0 


1.6 


1.6 .. , 




4 


23.5 


1 . 5 


1 . 5 


Present 


5 


24.0 


1 .5 


1.5 


invention 


6 


25 .0 


1 .7 


1.5 




7 


24.0 


1 .9 


1 . 6 




8 


24 .5 


1.9 


1 . 8 




9 


24 .0 


1 . 6 


1 . 5 




10 


24.5 


1 . 7 


1.6 




11 


16.0 


4 . 1 


1.8 


Comparative 


12 


13.0 


3.9 


2.9 


Examples 


13 


8 .0 


1.7 


1.4 




14 


18.0 


1.9 


1.8 



All the heat resistant steels of the present invention were found to have the creep rupture strength of 23.0 
to 25.0kgf / mm 2 at 580°C - 10 s hours, far better than that of the comparative steels. Furthermore, the com- 
parative steels had the highest impact value at 4.1 kgf - m / cm 2 after the tempering heat treatment, but it was 
found that their impact values were sharply reduced to 1.4 to 2.9kgf - m / cm 2 after the ageing. On the other 
hand, the heat resistant steels of the present invention had the impact value of 1.5 to 1.9kgf - m / cm 2 after 
the tempering heat treatment and again 1.5 to 1.8kgf - m / cm 2 after the age hardening, and it was apparent 
that the impact values of the heat resistant steels of the present invention were not seriously affected by the 
age hardening. 

To put it another way, the heat resistant steels in the range of chemical compositions of the present inven- 
tion have a greatly improved creep rupture strength and are excellent in impact resistance after they are ex- 
posed to high temperatures for many hours as a rotor material for steam turbine, as compared with high-Cr 
ferrite steels conventionally used for the same purpose. 
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Embodiment 2: 

The total amount of precipitates will be described particularly in Embodiment 2. 

The steel materials having the composition of Examples 2, 6 and 9 of Embodiment 1 were cast, rolled and 
then subjected to the heat treatments under the conditions of Nos. H1 to H4, to adjust the total amount of pre- 
cipitates. 

Thereafter the test samples made of these steels were subjected to the creep rupture under the condition 
of 630°C - 25kgf / mm 2 , and the so ruptured samples were determined for the total amount of their precipitates, 
and the results thereof are shown in Table 3. Meanwhile, H1 accounts for the heat treatments that were pro- 
vided under the same conditions as in Embodiment 1 . 

Furthermore, the creep rupture strength of the test samples described as above was determined at 580°C 
-10 5 hours, and the results thereof are shown in Table 3 as well. 
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The test samples were subject d to the heat treatments under the conditions of H1 and H2. to adjust the 
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total amount of their precipitates to 2.96 to 5.53 % by weight. Then, the test samples were creep-ruptured under 
the condition of 630°C - 25kgf / mm 2 , and it was found in all these test samples that the total amount of pre- 
cipitates increased slightly and that the amount of increase [the value of (2) - (1) in Table 3] was at most 1.67 
% by weight. 

s On the other hand, the other test samples were subjected to the heat treatments under the conditions of 

H3 and H4, to adjust the total amount of their precipitates to 2.32 % by weight or less. Then, the test samples 
were creep-ruptured and it was found that the total amount of precipitates increased by at least 2.91 % by weight 
[the value of (2) - (1) in Table 3]. This increase was far greater than that of the heat treatments under the con- 
dition of H1 or H2, showing that these test samples comprised the metal structures having low stability during 

10 creeping. 

Next, the relationship between the heat treatment condition and the creep rupture strength will be descri- 
bed. Heat-treated under the conditions of H1 and H2, all the rolled materials No. 2, No. 6 and No. 9 were found 
to have the creep rupture strength of at least 23.0kgf / mm 2 . Under the heat treatment conditions of H3 and 
H4, however, the creep rupture strength of these same materials was found to be at most 19.5kgf / mm 2 , far 

is lower than in case of the heat treatments of H1 and H2. 

In steels, therefore, the creep rupture strength can be improved to a great extent and the metal structures 
during creeping can be relieved of changes markedly by adjusting the total amount of their precipitates to a 
range of 2.5 to 7.0 % by weight. To put it another way, Embodiment 2 has shown that even the steel materials 
in the range of compositions of the heat resistant steels of the present invention cannot meet the properties 

20 required for steam turbine, if the amount of their precipitates due to the the heat treatments are not in a pre- 
determined range. 

Embodiment 3: 

25 The method for heat treatment will be described particularly in Embodiment 3. The steel materials having 

the composition of Examples 2 and 7 and Comparative Example 11 of Embodiment 1 were molten and cast in 
a vacuum high frequency induction furnace having an internal volume of 50kg. Thereafter, they were well rol- 
led, subjected to the heat treatments under the 5 conditions as listed in Table 4. The heat treatments under 
the conditions of H1 , H5 and H6 were within the scope of the present invention and those under the conditions 

30 of H7 and H8 were the comparative examples. 

A creep rupture test was conducted respectively with the steel materials having 3 kinds of the compositions 
which were subjected to 5 kinds of the heat treatments. On the basis of the results thereof, the creep rupture 
strength at 580°C - 10 5 hours was determined by the use of Larson-Miller parameter according to the interpo- 
lation method: Furthermore, the ageing was performed at 600°C for 3000 hours after the tempering heat treat- 

35 ments. A V-notched test piece for Charpy impact test JIS No. 2 having a thickness of 2 mm was prepared from 
the so aged steel materials, and a Charpy impact test with these test pieces was conducted, and the results 
thereof are shown in Table 5. 
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Table 4 





Heat Treatment No. 


Heat Treatment Conditions 


5 






Quenching Conditions 


Annealing Conditions 








1120°Cx 10h 


570°C x 10h-»air cooling 






H1 


— >oi1 cooling 


+690°C x 10h-»air cooling 


10 


Present Invention 




1100°Cx 10h 


570°C x 10h-»air cooling 






H5 


— >oil cooling 


+690°C x 10h-»air cooling 








1100°Cx 10h 


570°C x 10h->air cooling 


15 




H6 


->oil cooling 


+720°C x 10h— >air cooling 






1040°Cx 10h 


570°C x 10h-»air cooling 




Comparative Examples 


H7 


-»oil cooling 


+660°C x 10h->air cooling 






1040°C x 10h 


570°C x 10h->air cooling 


20 




J H8 


— ^oil cooling 


+690°C x 10h->air cooling 
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The heat resistant steels of the present invention (Nos. 2 and 7 of Table 5) were subjected to the heat treat- 
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ments within the scope of the present invention (the heat treatments under the conditions of H1, H5 and H6 
of Table 5), with the result that all these steels had the creep rupture strength of 22.0 to 24.0kgf / mm 2 at 580°C 
- 10 s hours. This creep rupture strength was far better than in the case where the heat resistant steels of the 
present invention were subjected to the comparative heat treatments (the heat treatments under the conditions 

5 of H7 and H8 of Table 5). To put it another way, even the heat resistant steels of the present invention cannot 
obtain the appropriate creep rupture strength if they are subjected the heat treatments under the wrong con- 
ditions, particularly at the quenching temperatures of lower than 1050°C. 

On the other hand, the comparative steel material (No. 11 of Table 5) was subjected to the heat treatments 
within the scope of the present invention and the comparative heat treatments, and it was found that the creep 

10 rupture strength was 12.0 to 16.0kgf / mm 2 as the result of either heat treatment. In this way, the heat treat- 
ments within the scope of the present invention are very effective in obtaining the heat resistant steels of the 
present invention. 

Next, the relationship between the heat treatment condition and the Charpy impact value will be described 
below. 

15 The heat resistant steels of the present invention had the impact value of 1 .6 to 2.5kgf-m / cm 2 after the 

tempering heat treatment in all the cases where they were subjected to the heat treatments within the scope 
of the present invention. These impact values were lower than those obtained by subjecting the heat resistant 
steels of the present invention to the comparative heat treatments (2.6 to 3.5kgf-m/ cm 2 ). Furthermore, the 
comparative steels had high impact values at 2.6 to 5.8kgf-m / cm 2 after the tempering heat treatment in all 

20 the cases where they were subjected to the heat treatments within the scope of the present invention and the 
comparative heat treatments. However, these high impact values were lowered up to 1 .5 to 1 .9kgf-m / cm 2 after 
the steels were aged by heating them at 600°C for 3000 hours, and it was found that the amount of deer ase 
was markedly great in the impact values of the comparative steels subjected to the comparative heat treat- 
ments. 

25 The heat treatments within the scope of the present invention provide the rotor materials for steam turbine 

with the greatly improved creep rupture strength and inhibit the decrease of impact values markedly after the 
heating for many hours, as compared with high-Cr ferrite steels conventionally used for the same purpose. Fur- 
thermore, these heat treatments within the scope of the present invention are very effective for the heat re- 
sistant steels in the range of chemical compositions of the present invention. 

30 

Embodiment 4 

The crystal grain diameter will be described particularly in Embodiment 4 below. The steel materials of 
Example 3 and Comparative Example 13 of Embodiment 1 were molten and cast in a vacuum high frequency 
35 induction furnace having an internal volume of 50 kg. Thereafter, they were forged, rolled and quenched at 
various different temperatures, to adjust them to the metal structures having 5 different crystal grain diame- 
ters. 

The creep rupture time of 10 different kinds of the steels having the different crystal grain diameters was 
determined at 600°C - 30kgf / mm 2 . Furthermore, a Charpy impact test at 20°C was conducted by using the 
40 V-notched test pieces for Charpy impact test JIS No. 2 having the thickness of 2 mm and the results of these 
tests are shown in Table 6. Of these results,,the relationship between the average crystal grain diameter and 
the creep rupture time is shown in Fig. 1. 
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Table 6 



Test Samnle No 


Average Crystal Grain 
Diameter (u.m) 


600°C-30kgf/mm2 Creep 
Rupture Time (h) 


Impact Value (2 0°C) (kgf-m/cm 2 ) 


3 


24 


328 


1.7 


39 


982 


1:8 


68 


2160 


1.6 


96 


2301 


1.4 


130 


1604 


1.0 


13 


37 


68 


1.4 


54 


91 


1.1 


88 


108 


1.0 


107 


84 


0.8 


136 


88 


0.9 



In the Example 3 heat resistant steel in the range of chemical compositions of the present invention, the 
rupture time was found to increase along the straight line portion of a curve 1 representing the crystal grain 
diameters up to approximately 50 ^im or less. The increase of the creep rupture time was slower with the crystal 
grain diameters of more than approximately 50 u.m and was saturated with those of approximately 70 [.im, and 
the creep rupture time was decreased with those of more than approximately 100 ^m (Curve 1 of Fig. 1). On 
the other hand, in the Comparative Example 13 steels, the rupture time was found to increase slowly with the 
crystal grain diameters up to approximately 100 urn and the increase was saturated thereafter, along with the 
fall of the impact values (Curve 2 of Fig. 1). 

The rotors for steam turbine made of the heat resistant steels excellent in the creep rupture time and the 
Charpy impact value can be obtained from the heat resistant steels in the range of chemical compositions of 
the present invention whose crystal grain diameters are adjusted to approximately 50 to 100 ^m. Their advan- 
tages are far better than those of the high-Cr ferrite steels which have been used as the rotor material for steam 
turbine conventionally. 

Embodiment 5: 

The electroslag remelting method will be described particularly in Embodiment 5 below. Four kinds of par- 
tial rotor model having a size of 1 000 $ x 800 mm were prepared from the steel materials having the composition 
of Example 8 of Embodiment 1. Of them, the models E1 to E3 were molten in an electric arc furnace and then 
cast into consumable electrode molds for use in electroslag remelting, followed by the electroslag remelting 
by the use of resultant cast iron ingots as the consumable electrode. The so processed materials were cast 
and forged to complete a rotor model material. The partial rotor model V1 was molten in an electric arc furnace, 
and then the cast iron ingots were prepared from the resultant melts by means of vacuum carbon deoxidation 
method and forged to complete a rotor model. These 4 kinds of rotor models were subjected to the heat treat- 
ments under the condition of H1 , H5 or H9. Thereafter, with respect to the center portion and the surface layer 
portion of these 4 kinds of rotor models, a tensile test was conducted at room temperatures and a Charpy impact 
test was also conducted by using the V-notched test pieces for Charpy impact test JIS No. 4 having the thick- 
ness of 2 mm. The results thereof are shown in Table 7. 
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The rotor models E1 to E3 prepared by using the electroslag remelting method and the rotor model V1 
prepared according to the vacuum carbon deoxidation method were found to have the almost equal tensile 
properties and Charpy impact value. However, the center portion of the rotor model V1 of the vacuum carbon 
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deoxidation method were found to have the tensile properties and Charpy impact value which are far lower 
than those of the rotor models E1 to E3 prepared according to the electroslag remelting method. 

Next, the creep rupture test was conducted with respect to the center portion and the surface layer portion 
of 4 kinds of rotor models described as above. On the basis of the results thereof, the creep rupture strength 

5 at 580°C - 10 5 hours was determined by the use of the Larson-Miller parameter according to the interpolation 
method. The results thereof are shown in Table 7. All of rotor model E1 to E3 prepared according to the elec- 
troslag remelting method were found to have far greater creep rupture strength than that of rotor model V1 
prepared by the vacuum carbon deoxidation method. Furthermore, it was found that the creep rupture strength 
of the center portion was equal to that of the surface layer portion in rotor models E1 to E3. The rotor model 

10 V1 prepared by the vacuum carbon deoxidation method had the values almost equal to those of the electroslag 
remelting method material in the surface layer portion but the markedly low creep rupture strength in the center 
portion. 

Large size steel ingots having a homogeneous structure and rotors for steam engine keeping these su- 
perior and homogeneous characteristics unchanged can be obtained by applying the electroslag remelting 
15 method to the heat resistant steels in the range of chemical compositions of the present invention. 

As described in the embodiments above, the rotors for steam engine of the present invention are made 
of the heat resistant steels having the martensite structure in the range of chemical compositions of the present 
invention. They have the greatly improved creep rupture strength, capable of meeting the design stress ap- 
propriately, as compared with high-Crferrite steels which have been conventionally used in the rotors for steam 
20 turbine. Furthermore they are superior in impact resistance when they are exposed to high temperatures for 
a long term. 

The heat resistant steels of the present invention are subjected to the heat treatments at a quenching tem- 
perature of 1050 to 1150°C and, after the quenching, the additional heat treatments at a temperature of 620 
to 760°C, to adjust in a manner that the precipitates are deposited into the crystal grain boundaries and mar- 

25 tensite lath boundaries and in the inside of martensite lath in a total amount of 2.5 to 7 % by weight and that 
the austenite crystals have an average grain diameter of 50 to 100 nm. In this way, the heat resistant steels 
of the present invention have a metal structure which is homogeneous and remain highly stable after it is x- 
posed to high temperatures for a long term. Accordingly, the heat resistant steels of the present invention have 
the greatly improved high-temperature creep rupture strength and creep resistance, relieved of too much de- 

30 cline of the characteristics after the exposure to high temperatures for a long term. 

The steel ingots to form the heat resistant steels of the present invention are prepared by the electroslag 
remelting method. Accordingly, large size steel ingots having a homogeneous structure are obtained, keeping 
the superior and homogeneous characteristics described as above remain unchanged. 

Accordingly, the rotors for steam turbine of the present invention can operate with high reliability for a long 

35 term, exposed to the severe steam conditions wherein high temperature and high pressure are predominant, 
to contribute much to the improvement of the performance and workability of steam turbines and provide th 
advantages useful to industry. 



40 Claims 

1. A rotor for steam turbine made of a heat resistant steel having a composition, which comprises 0.05 to 
0.30 % by weight of C, 8.0 to 13.0 % by weight of Cr, 1.0 % by weight or less (excluding 0 %) of Si, 1.0 
% by weight or less (excluding 0 %) of Mn, 2.0 % by weight or less (excluding 0 %) of Ni f 0.10 to 0.50 % 
45 by weight of V, 0.50 to 5.0 % by weight of W, 0.025 to 0.10 % by weight of N, 1.5 % by weight or less 

(excluding 0 %) of Mo, at least one element selected from the group consisting of 0.03 to 0.25 % by weight 
of Nb and 0.03 to 0.50 % by weight of Ta, 0 to 3 % by weight of Re, 0 to 5.0 % by weight of Co, 0 to OiOS 
% by weight of B and the balance of Fe and inevitable impurities, and having a martensite structure. 

so 2. The rotor according to Claim 1, wherein at least one element selected from the group consisting of 0.03 
to 0.25 % by weight of Nb and 0.03 to 0.50 % by weight of Ta is 0.03 to 0.50 % by weight of Ta. 

3. The rotor according to Claim 1, wherein at least one element selected from the group consisting of 0.03 
to 0.25 % by weight of Nb and 0.03 to 0.50 % by weight of Ta is 0.03 to 0.25 % by weight of Nb. 

55 

4. The rotor according to Claim 1, wherein at least one element selected from the group consisting of 0.03 
to 0.25 % by weight of Nb and 0.03 to 0.50 % by weight of Ta is 0.03 to 0.50 % by weight of Ta and 0.03 
to 0.25 % by weight of Nb. 



17 



EP 0 639 691 A1 



The rotor according to Claim 1, wherein said Co is in an amount of 0.001 to 5.0 % by weight. 

The rotor according to Claim 1, wherein said B is in an amount of 0.0005 to 0.05 % by weight. 

The rotor according to Claim 1, wherein said heat resistant steel is quenched at a temperature in a range 
of 1050 to 1150°C. 

The rotor according to Claim 7, wherein said heat resistant steel is subjected to the heat treatment at a 
temperature in a range of 620 to 760°C at the lowest after quenching. 

The rotor according to Claim 8, wherein said heat resistant steel has precipitates in a total amount of 2.5 
to 7.0 % by weight due to said heat treatment. 

The rotor according to Claim 8, wherein said heat resistant steel comprises austenite crystals having a 
grain diameter of 50 to 100 jim after said heat treatment. 

The rotor according to Claim 1, wherein said heat resistant steel having said composition is molten ac- 
cording to the electroslag remelting method. 

A method for manufacturing a heat resistant steel for steam turbine rotor having a composition, which com- 
prises 0.05 to 0.30 % by weight of C, 8.0 to 13.0 % by weight of Cr, 1.0 % by weight or less (excluding 0 
%) of Si, 1.0 % by weight or less (excluding 0 %) of Mn, 2.0 % by weight or less (excluding 0 %) of Ni, 
0.10 to 0.50 % by weight of V, 0.50 to 5.0 % by weight of W, 0.025 to 0.10 % by weight of N, 1 .5 % by 
weight or less (excluding 0 %) of Mo, at least one element selected from the group consisting of 0.03 to 
0.25 % by weight of Nb and 0.03 to 0.50 % by weight of Ta, 0 to 3 % of Re, 0 to 5.0 % by weight of Co, 0 
to 0.05 % by weight of B and the balance of Fe and inevitable impurities, said method comprising the steps 
of: 

melting a steel material having said composition in an electric arc furnace to prepare a primary 
steel ingot; 

remelting and casting said primary steel ingot by an electroslag remelting method to prepare a sec- 
ondary steel ingot; 

forging said secondary steel ingot to form a forged steel product in the form of rotor; 
quenching said forged steel product at a temperature in a range of 1050 to 1150°C; and 
heat-treating said quenched steel product at a temperature in a range of 620 to 760°C in a manner 
that the total amount of precipitates is in a range of 2.5 to 7.0 % by weight. 
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